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1 Introduction
In order to restore the country from the 
ravages of World War II and catch up with the 
advanced nations of North America and Europe, 
Japan has upgraded both the quality and the 
amount of its infrastructure. In particular, there 
is an enormous stock of social capital that was 
built up during Japan’s period of high economic 
growth (1955-1973). The peak of its renovation 
period wil l come from about 2020 through 
2030. Increasing investment in renovation, 
maintenance, and operation is a concern.
Road structures (broadly classified as bridges, 
tunnels, pavement, accessory facilities, and so on) 
constructed during the period of high economic 
growth currently account for about 34 percent of 
all bridges and 25 percent of all tunnels. Twenty 
years from now, the number of bridges on general 
national highways and regional roads that are at 
least 50 years old will total 64,000, eight times 
as many as in 2005, while the number of tunnels 
on the same roads that are at least 50 years old 
wil l tr iple, to 3,600. Furthermore, with the 
diversification of the people’s needs regarding 
infrastructure, new issues such as responding to 
environmental concerns that have come to the 
fore, population decline, a low birth rate and a 
larger number of elderly people, and a difficult 
f inancial situation make renovation of aging 
infrastructure even more difficult. In order to 
efficiently maintain and manage infrastructure, 
shr ink l i fe - cycle costs, and ensure longer 
infrastructure life, as well as to avoid risks such 
as bridge collapses, infrastructure improvement 
through stock management that is responsive to 
social change is and will remain important.
The “Third Science and Technology Basic 
Pl an” refer s to s tock management i n the 
social in frastructure f ield. “With the large 
infrastructure constructed during the period of 
rapid economic growth rapidly aging, society’s 
need for technology to operate, maintain, and 
renovate socia l in frastructure is growing. 
From the perspective of the public good, it is 
a research and development theme that the 
national government must address.” First, it lists 
“optimization of the maintenance and renovation 
of social capital and structures.”
This ar ticle gives an outl ine of elemental 
technology such as the background and issues 
requiring stock management, the deterioration 
mechanisms and phenomena necessary for 
stock management, inspection and diagnosis, 
e v a lu a t i o n o f s ou nd ne s s ,  p r e d ic t i o n o f 
deterioration, and repair and reinforcement, 
and a bridge management system now under 
development. It then discusses the responses 
required as replacement periods approach.
2 What is stock management?
Asset management takes individual financial 
assets such as savings, stocks, and bonds, 
considers risk and profitability, and manages the 
assets appropriately in order to maximize their 
value. In recent years, real estate management 
has applied the same methods used to manage 
financial assets to the management of land and 
buildings in order to raise asset value. 
The main terms employed in the management 
of assets are “asset management,” “facil ities 
management,” “property management,” and 
“stock management.” These are generally used 
when speaking of “the integration of all processes 
involved in design, construction, operation and 
maintenance, repair, renovation, and so on that 
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maximize user benefit and minimize supplier and 
user costs.” Use of the term “asset management” 
is common in the roading sector, while “facilities 
management” and “stock management” are 
commonly applied to government faci l ities. 
“Social capital management” is used with a wide 
range of social capital. There are currently no 
clear definitions for these terms[1]. In the USA, 
which is advanced in terms of how it manages 
social capital, a variety of terms is also used 
without standardization of terminology.
Stock management related to road structures 
is divided into overall management that handles 
di f ferent k inds of road faci l ity assets (e.g., 
pavement, bridges, tunnels, and retaining walls), 
like-asset management that handles one type of 
asset (e.g., pavement only or bridges only), and 
individual management that handles individual 
structures (e.g., a bridge in a certain location). 
Overall management and like-asset management 
require objective evaluation of service levels 
(management goals), while like-asset management 
and individual asset management must set the 
goal of minimizing life-cycle costs. At this point, 
however, research towards practical application 
is limited to “tangible” management systems such 
as like-asset management and individual asset 
management for bridges or pavement and so on.
3 Current conditions and issues
3-1 Current conditions and issues in Japan
(1)	 Social/economic	conditions
Japan’s population is declining after peaking 
at 127.79 million in 2004. Estimates show the 
population declining to 100.6 million by 2050[2]. 
The more rural the area, the faster the population 
is decl in ing. Fur thermore, the bir thrate is 
declining, falling to 1.25 in 2006. The percentage 
of elderly people aged 65 and older is projected 
to rise from 19.9 percent of the population in 
2005 to almost 30 percent in 2030[2]. There is 
concern that in the future the shrinking labor 
force and the disappearance of rural communities 
accompanying the rapid advance of a low birth 
rate and a larger number of elderly people will 
make delivering basic social services difficult in 
some regions.
Looking at the construction industry, the 
number of people employed in construction 
continually increased along with the amount 
of money invested in construction until 1997, 
contributing to the stabil ity of employment 
i n Japan even dur ing the long recess ion. 
S u b s e q u e n t l y,  h o w e v e r,  i n v e s t m e n t  i n 
construction declined, and by 2005 the number 
of workers employed in construction fell to 5.68 
million, about the same number employed in 
1988. Because of the image of construction jobs 
as difficult, dirty, and dangerous, the decline 
in the number of younger people employed 
has been especially striking. The percentage 
of relatively older workers (age 55 and up) has 
increased and now accounts for 30 percent of 
the whole. This aging trend is stronger in the 
construction industry than in other industries. 
It is a signi f icant problem in terms of the 
continuation and growth of the entire industry. 
Looking at the recent profitability of general 
contractors, payment of compensat ion for 
defects is placing downward pressure on profits. 
The causes appear to be structural issues in 
the construction industry, namely, increasing 
competition and decreasing technical ability[3]. 
Currently, many of the Japanese baby-boom 
generation’s engineers and skilled technicians are 
approaching retirement. Finding enough younger 
workers and passing on technologies and skills 
are serious problems for the entire construction 
industry.
P u b l i c  w o r k s  e x p e n d i t u r e  i n c l u d i n g 
construction has played an important role in 
employment policy during the postwar recovery 
period and in economic policy following the 
period of high economic growth. Although 
government bond i ssues for constr uct ion 
temporarily increased as an economic policy 
following the collapse of the bubble economy, 
they are currently on a declining trend. However, 
with budget deficits rising, deficit-covering bonds 
are also increasing. In FY 2006, debt servicing 
accounted for about 38 percent of the general 
account budget of ¥79.7 trillion. Government 
finances may become increasingly constricted.
(2)	 Condition	of	road	structure	stock
According to Social Capital of Japan: Stock 
across Generations[4], edited by the Director 
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General for Economic, Fiscal and Social Structure 
of the Japanese Cabinet Office, there has been 
a rapid build up of social capital since 1970 in 
the period of high economic growth. (see Figure 
1.) By type of social capital, transportation 
(roads, ports, aviation, railways) accounts for 40 
percent, with living-related (water and sewers, 
parks, waste, public housing, postal services) 
accounting for 20 percent, agriculture, forestry, 
and fisheries industries (agriculture, forestry, 
f isheries, industr ial -use waterworks) for 15 
percent, national land conservation (forest 
conservation, f lood control, beaches) for 13 
percent, and education (schools, social education 
facilities) for 12 percent. The percentage of social 
capital related to transportation, which supports 
logistics and the economy, is high, with road-
related infrastructure accounting for much of 
that. This indicates that into the future, road-
related areas will require a large investment for 
operation, maintenance, and renovation.
As of Apri l 2005, the combined length of 
national expressways, national and prefectural 
roads, and municipal roads was about 1.19 million 
kilometers. By management authority, former 
public corporations*1 account for about 7,000 km 
(1 percent), the national government for about 
22,000 km (2 percent), prefectures for about 
129,000 km (11 percent), and municipalities for 
about 1.02 million km (86 percent)[5]. Regional 
roads comprise about 97 percent of all roads, 
with around 89 percent of bridge locations and 
approximately 54 percent of tunnel locations.
Nationally, there are about 148,000 road bridges 
with lengths of at least 15 meters. Of these, the 
former public corporations manage around 6,000 
(4 percent), the national government about 11,000 
(7 percent), prefectures approximately 45,000 
(31 percent), and municipalities roughly 86,000 
(58 percent). By type, prestressed concrete 
bridges*2 account for 40 percent, steel bridges for 
39 percent, reinforced concrete bridges*2 for 17 
percent, and other types for 4 percent[5]. Figure 
2 depicts the nationwide number of bridges and 
the number constructed. Bridges built during 
the intensive construction that occurred during 
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Figure 1 : Value of social capital stock
Agriculture, forestry, fisheries industry (agriculture, forestry, fisheries, industrial-use waterworks), 
life-related (water and sewer services, parks, waste, public housing, postal services), education 
(schools, social education facilities), national land conservation (forest conservation, flood 
control, beaches), transportation (roads, ports, airports, railways)
Prepared by the STFC with reference to Reference[4]
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the period of high economic growth (1955-1973) 
account for roughly 34 percent of the total, with 
an average age of 37. With the sudden increases 
in transportation volume and vehicle weight in 
recent years, factors such as salt damage and the 
alkaline aggregate reaction are causing frequent 
cracking, peel ing, and f lak ing of concrete 
components, while fatigue of steel components 
is causing damage from cracking and corrosion. 
Figure 3 shows examples of damage.
The percentage of Japan’s roads that is paved 
(including surface dressing alone) is currently 
97 percent for prefectural and national roads, 
which were upgraded through the bubble period, 
and 78.9 percent when municipal roads are 
included[5].
Pavement includes asphalt pavement and 
concrete pavement. For genera l nat iona l 
highways, asphalt pavement currently accounts 
for 98.9 percent[5]. Asphalt pavement was first 
applied in Japan in 1878, on the Shohei Bridge 
in Kanda, Tokyo. Japan’s f irst pavement for 
automobile use was laid in 1903, the year the 
first auto appeared in Tokyo. As pavement ages, 
cracks, bumps, ruts*3, and so on appear on its 
surface, decreasing the safety and comfort of 
those using the road.
Japan’s first large-scale road tunnel was the 
Kuriko Tunnel connecting Yamagata Prefecture 
and Fukushima Prefecture. It was built in 1980 
using an American-made excavator, of which 
there were only three in the world at the time. 
Currently, there are 8,784 tunnels in Japan, with 
a total length of 3,224 km. The former public 
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Figure 2 : Number of bridges and number constructed 
Prepared by the STFC based on Reference[6], with some revisions
Fracture of steel materials in main girder of 
prestressed concrete bridge due to salt damage
Fatigue-related shedding from
reinforced concrete slab
Figure 3 : Examples of bridge damage
From Reference[7]
77
Q U A R T E R L Y  R E V I E W  N o . 2 5  /  O c t o b e r  2 0 0 7
corporations administer 739 locations (8 percent), 
the national government 3,342 (38 percent), 
prefectures 2,346 (27 percent), and municipalities 
2,357 (27 percent)[5]. Looking at general national 
highways (designated sections)*4 and national 
expressways, about 25 percent of their tunnels 
were constructed during the period of high 
economic growth[8].
(3)	 	Road	management	 under	 difficult	 natural,	
geographical,	and	transportation	conditions
Japan’s land area accounts for only 0.25 percent 
of the world’s land area, but about 21 percent of 
the world’s major earthquakes (magnitude 6.0 or 
greater) occur here and around 7 percent of the 
world’s active volcanoes are concentrated in this 
small country. Furthermore, Japan is approached 
by an average of more than 10 typhoons per year, 
and its average annual rainfall of 1800 mm is 
more than double the world average of 800 mm. 
Geographically, about 70 percent of Japan’s land 
area is mountainous, with steep mountain ranges 
crossing the archipelago, and over 20 percent of 
the habitable land is soft ground. Furthermore, 
roughly 60 percent of the country is snowy and 
cold in winter, so the natural conditions are very 
harsh for roads. The percentage of heavy vehicle 
traffic*5 in Japan is higher than in Europe or the 
USA. Steel bridges on roads with an especially 
high percentage of heavy vehicle traff ic are 
suffering from damage due to fatigue.
A l t h o u g h J a p a n’s  c o r e  f u n c t i o n s  a r e 
concentrated in the Tokyo metropolitan area, a 
looping road network is insufficiently formed, 
leading to the failure of bypass functions and 
chronic traffic jams in the city center. When 
major construction requir ing road closures 
becomes necessary because of road damage, the 
social impact is significant.
(4)	 Service	life
The renovation of structures can be divided 
into physical renovation that addresses their 
damage and aging and functional renovation 
that addresses obsolescent f unct iona l i t y. 
Renovation periods related to physical renovation 
are set according to the Ministry of Finance’s 
“ordinances on the service lives of depreciable 
assets” and the service l ives designated or 
estimated by various other government agencies. 
(See Table 1.) Subsequently, the Ministry of 
Land, Infrastructure and Transport may, when 
necessary, further segment a facility depending 
on its characteristics, and designate a service life 
based on the state of renovation.
For example, in the National Institute for 
Land and Infrastructure Management’s fact-
finding survey of bridges (Figure 4), time from 
construction to replacement was short at 30-40 
years for those built during the shortages of 
World War II and after. Subsequently, however, 
speci f ications and guidel ines were revised 
as measures against earthquake damage and 
other types of damage, so the lives of newly 
constructed bridges are gradually becoming 
longer. It is estimated that those constructed 
Table 1 : Service life from estimates and examples
Type
Service life
Ministry of Finance Cabinet Office Ministry of Land, Infrastructure and Transport
Bridges 60 60 60
Pavement 10 10
Tunnels 30 60
Water and sewer works 50
Rivers 30 40 Infinity
Dams 50 80
Erosion controls 30 47 67
Beaches 30 30 50
Housing 47 61 (where construction began in 1980 or after)
Urban parks 24 43
Prepared by the STFC based on Reference[9]
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in recent years can have a life expectancy of at 
least 100 years if properly managed[10]. Because 
much stock was formed before knowledge of civil 
engineering technology was sufficient, however, 
measures for bridges built before the revisions to 
specifications and guidelines are necessary.
3-2 Conditions in foreign countries
(1)	 The	USA’s	response	to	“decaying	social	capital”
In the USA during the 1930s, much of the 
country’s infrastructure was built as part of 
the New Deal’s policies. Beginning in the latter 
half of the 1960s, accidents occurred due to 
the failure or aging of public facilities. In 1967, 
the Si lver Br idge connecting West Virginia 
and Ohio collapsed, kil l ing 46. In 1983, the 
Mianus River Bridge on a Connecticut interstate 
highway collapsed, killing 3. During the 1980s, 
bridges and pavement all over the USA fell into 
poor condition, and the inability to improve 
aging road structures led to a situation called 
the “decaying of America.” Public awareness 
of the cr isis in social capital was growing, 
but lack of management of social capital and 
poor understanding of the importance of long-
term maintenance management prevented 
the al location of a suff icient operation and 
maintenance budget.
Amidst its worsening f inancial condition, 
the US gover n ment therefore passed the 
Transportation Assistance Act of 1982, securing 
funding for priority investment in infrastructure 
ma i ntenance th roug h an i ncrea se i n the 
gasoline tax. Furthermore, the USA expanded 
its investment in roads with ISTEA (Intermodal 
Surface Transportation Efficiency Act: 1992-1997) 
in 1991 and TEA-21 (Transportation Equity 
Act for the 21st Century: 1998-2003) in 1998. 
Because of these maintenance and repa i r 
initiatives, the number of defective bridges is 
now decreasing. Sti l l, as of 2004, almost 27 
percent of bridges were defective, indicating 
that once infrastructure is allowed to decay, it 
is no simple matter in terms of time or money 
to renovate, repair, and maintain it and ensure 
sa fe t r anspor tat ion. There i s now st rong 
awareness of the importance of operation and 
maintenance. Measures are currently being taken 
under SAFETEA-LU (Safe, Accountable, Flexible, 
Efficient Transportation Equity Act: A Legacy for 
Users: 2004-2009), which was passed in 2004. 
Figure 5 depicts the increasing investment in 
roads in the USA.
(2)	 	Systematic	 road	 facility	 repair	 in	 the	UK	and	
Germany
Learning from the decay that occurred in 
the USA, the United Kingdom’s 1998 “Roads 
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White Paper” designated improved operation 
and maintenance of existing roads as an issue 
of the highest priority. It clearly indicated the 
preeminence of operation and maintenance in 
minimizing the lifetime costs of trunk roads and 
bridges. Since about 1998, repairs have been 
carried out through systematic increases in the 
budget for operation and maintenance. Pavement 
conditions are improving, and major bridge repair 
work is proceeding systematically.
I n 1933, G e r m a ny b eg a n bu i ld i ng t he 
Autobah n, the world’s f i r s t express road 
network, as part of its economic policy. It has 
helped support the domestic economy. In the 
1990s, however, road damage became apparent. 
According to a large-scale 1996 fact-f inding 
survey, 5,000 bridges and other structures built 
during the 1960s and 1970s were at their limits, 
and a response to larger truck sizes (40 tonnes) 
was also necessary. Feeling a sense of crisis in 
response to the Autobahn’s decline, which would 
have a major impact on the national economy, 
i n 20 03 the Ger man feder a l gover n ment 
promu lgated i t s “Feder a l Tr anspor t at ion 
Infrastructure Plan” (2001-2015). It increased 
investment in maintenance above that in the 1992 
10-year plan (by an annual average of 38 percent), 
promoting the maintenance and renovation of 
existing infrastructure[12].
4 Japan’s need to introduce
 stock management
(1)	 The	rapid	increase	in	aging	stock
Intensive construction of the road structures 
that support the Japanese economy and way 
of l i fe occurred dur ing the per iod of h igh 
economic growth. There is concern that demand 
for maintenance and renovation wi l l peak 
around 2020 through 2030, coinciding with the 
deterioration of these structures.
Figure 6 shows the number of bridges and 
tunnels constructed at least 50 years ago. 
Compared with 2005, the number of bridges at 
least 50 years old will approximately triple by 
2015 and increase roughly eightfold to 64,000 
by 2025. As for tunnels that are at least 50 
years old, there will be about twice as many 
in 2015 as in 2005, approximately tripling to 
3,600 by 2025. Because the number of aging 
structures will rapidly increase, higher costs for 
repair, reinforcement, and renovation will be 
unavoidable.
(2)	 Increased	maintenance	and	renovation	costs
Figure 7 shows the results of two scenarios 
for estimated expenditures through 2030 on 
maintenance, operation and renovation of social 
($ million)
US investment in roads (GDP base, real value)
US recessions in 1970s, '80s
Reaganomics1966: $47,824 million
Decaying of America
Frequent road blockages from 
bridge collapses, etc.
1983 gas tax increase
4¢/gal. → 9¢/gal. 
1967 Silver Bridge collapse
1983: $29,967 million1983 Mianus River
Bridge collapse
40% decrease from peak
(Intermodal Surface
Transportation Efficiency Act)
1992–1997 (6 years) 
(Transportation Equity Act for
the 21st Century)
1998–2003 (6 years)
(Safe, Accountable, Flexible, Efficient Transportation 
Equity Act: A. Legacy for Users)
2004–2009 (6 years) 
31% increase in
investment
40% increase in investment
Increased investment
% of highways with bridges judged defective
At-risk bridges
reduced by about 40%
FY
Source:
Figure 5 : US investment in roads
From Reference[11]
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capital under the jurisdiction of the Ministry 
of Land, Infrastructure and Transport (roads, 
ports, airports, public housing, sewers, urban 
parks, flood control, beaches)[7]. In Case 1 (total 
available funds are ±0 percent compared with 
the previous year), maintenance, operation 
and renovation costs account for 65 percent of 
available funds in 2030. In Case 2 (total available 
funds are -3 percent [national] and -2 percent 
[regional] compared with the previous year), 
funding becomes insuff icient in 2022, and 
renovation of social capital becomes impossible. 
According to these estimates, in the future, 
proper operation and maintenance may become 
impossible. New construction may become 
impossible, or it may be impossible to renovate 
some aging structures.
Therefore, it will be necessary to consider 
conditions in regional areas that will experience a 
decline in population and to discriminate among 
existing road structures in order to appropriately 
allocate the operation and maintenance funds to 
be invested in them.
(3)	 Increased	construction	waste
Waste discharged by the construction industry 
accounts for about 20 percent (75 million tonnes) 
of all industrial waste in Japan (roughly 412 
million tonnes) and approximately 20 percent 
(7 million tonnes) of industrial waste for final 
disposal (around 40 million tonnes). On the 
other hand, about 90 percent of illegally dumped 
industrial waste (around 410,000 tonnes) is 
construction waste (354,000)[13].
The recycling rate is climbing slowly year 
by year, and reached 92 percent in 2002 (for 
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Figure 6 : Number of bridges and tunnels that are at least 50 years old
Prepared by the STFC based on Reference[7], with some revisions
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Figure 7 : Estimated maintenance and administration costs of social capital 
From Reference[7]
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civil engineering and construction combined) 
according to a Ministry of Land, Infrastructure 
and Transport survey. However, establishment 
of new final disposal sites is problematic, so a 
shortage of residual capacity is occurring[13].
As the number of aging structures increases, 
the amount of construction waste generated by 
their demolition is projected to increase as well. 
(See Figure 8.) From this perspective also, a shift 
from the conventional scrap-and-build mode to 
precise maintenance and repair and extended use 
for maximum life will become necessary.
(4)	 Financial	constraints
In the face of concern over lower economic 
vigor due to factors such as increasing budget 
deficits, labor shortages accompanying a low 
birth rate and a larger number of elderly people, 
and decreasing consumption and investment, 
coupled with increased expenditures related 
to social security, there are growing financial 
constraints on the improvement of Japan’s social 
capital. In fact, public works expenditures have 
been decreasing since 1999. Furthermore, the 
shift of funds earmarked for roads to general 
funds is a problem. Such financial constraints 
will further increase in the future. It is therefore 
necessary to ascertain a set of cr iter ia that 
can also be used in the future and that will 
permit allocation of the necessary budgets for 
improvement and maintenance of social capital. 
The necessity of maintaining and renovating 
structures must be articulated based on a vision 
for Japan’s future.
In road the management initiatives taken 
to date, operation and maintenance budgets 
have been set based on indexes that make a 
comparison with the previous year’s funding 
and so on. Rather than budgeting from a long-
term perspective, repairs are generally made 
on a stopgap basis when inspect ions f ind 
structures with marked deterioration (corrective 
maintenance). Because creation of inspection 
procedures, database construction, and technical 
development are carried out in isolation, there 
is an underutilization of management systems 
that provide a comprehensive overview. In 
order to adopt stock management methods and 
minimize lifecycle costs (LCC) from construction 
to renovation, all processes related to design, 
construction, operation and maintenance, repair, 
and renovation must be integrated. Furthermore, 
preventative maintenance, which intervenes early 
to carry out minor repairs, thereby preventing 
major damage from developing later on, must be 
carried out.
Experience shows that in general, not only 
can preventative maintenance measures lower 
total costs compared to corrective maintenance, 
they can extend structure l i fe and enable 
standardization of replacement periods[14,15].
5 Technology required for
 stock management
In order to switch from corrective maintenance 
to preventative maintenance that makes minor 
repairs before more serious damage becomes 
apparent , implementat ion of appropr iate 
oper at ion a nd ma i ntena nce such a s that 
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Figure 8 : Projected future production of construction waste 
From Reference[13]
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illustrated in Figure 9 is necessary. Furthermore, 
the policies and other knowledge thus obtained 
must be utilized in the design and construction 
of new structures in order to improve their 
longevity.
Below, this article will discuss technologies 
required at each stage of the cycle.
5-1 Deterioration mechanisms and
 phenomena affecting structures
T he deter ior at ion mechan i sms of s teel 
structures are corrosion, fatigue, and delayed 
fracture. They decrease quality as time in service 
increases, reducing the life of steel structures. 
Causes of deterioration in concrete structures 
commonly used for roads are neutralization, 
salt damage, frost damage, alkaline aggregate 
reac t ion, chem ica l e ros ion, a nd f a t ig ue. 
Neutral ization and salt damage corrode the 
steel inside concrete when carbon dioxide or 
chloride ions from the surrounding environment 
penetrate the material, but they do not cause the 
concrete itself to deteriorate. On the other hand, 
the deterioration mechanisms of frost damage, 
alkaline aggregate reaction, chemical erosion, 
and fatigue differ, but these phenomena al l 
cause deterioration of the concrete itself. Typical 
damage caused by these deterioration factors 
includes cracking, peeling and flaking, free lime, 
rust fluid, gel exudation, rebar exposure, scaling, 
and discoloration. They can reduce load-bearing 
capacity and durability. When different forms 
of deterioration combine, such as frost damage 
and salt damage or alkaline aggregate reaction 
and salt damage, it is difficult to determine the 
deterioration mechanisms from the concrete’s 
surface.
For details of deterioration mechanisms, see 
“Structure Maintenance Technology and Risk 
Based Maintenance (RBM)” in the June 2004 
“Science & Technology Trends.”
5-2 Inspection and diagnosis of structures
Road structures are exposed to harsh outdoor 
natura l and transpor tat ion envi ronments. 
Implementation of appropriate and efficient 
operation and maintenance is necessary to enable 
structures to have longer service lives and to 
prevent their performance from dropping below 
desired levels.
The number one goal of inspections is to 
ascertain the deterioration mechanisms and status 
of structures, but inspections are also important 
for data collection for subsequent evaluations 
of soundness and for deterioration prediction. 
Damage to structures from combined forms 
of deterioration is not unusual. In diagnosis, 
selection of inspection methods with reference 
to past cases of damage and so on is necessary for 
effective inspections and analysis of inspection 
data in order to accurately determine the 
presence of deterioration and its causes and 
mechanisms.
Methods for the direct evaluation of the 
performance of structures and the materials 
being affected by deterioration include localized 
destructive testing through core sampling*6 
and load testing of actual structures. Both, 
however, have the disadvantage of causing 
damage themselves. In response, non-destructive 
inspection methods are being rapidly developed 
and adopted with the goal of more efficient and 
technically advanced inspections. In addition, 
research and development into ways of constantly 
monitoring and measuring important structural 
and materiel parameters is also progressing. This 
will allow the performance of structures to be 
ascertained and facilitate swift action based on 
those measurements
As in the past, however, the effectiveness of 
inspection and diagnostic technology is highly 
dependent on training and experience. Highly 
experienced inspectors are said to be able to 
Measures
(repair/reinforcement)Management plan
Prediction 
of deterioration
Evaluation of
soundnessInspectionDatabases
Figure 9 :  The stock management cycle
Prepared by the STFC
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diagnose the deterioration damage mechanisms 
and status of structures from a visual inspection 
and photographs with some degree of accuracy. 
In the future, as aging structures increase all over 
Japan, there may be a shortage of inspection and 
diagnostic technicians with such skills.
Table 2 shows the applicabil ity of various 
inspection methods to concrete structures.
Below, this article will discuss non-destructive 
inspection and monitoring.
(1)	 Non-destructive	inspection	
Non-destructive inspection refers to methods 
that inspect the sur faces and inter iors of 
structures for f laws without damaging them. 
As noted in Table 3, diagnostic technology for 
concrete structures commonly used to detect 
deterioration and f laws include the infrared 
method, the electromagnetic radar method, and 
the hammering method. For rebar corrosion, the 
self-potential method is widely used. Although 
the degree (amount) of corrosion is an important 
datum for rebar corrosion, there are currently 
no tests that can determine this. Development of 
such a testing method is necessary.
In the case of steel structures, methods for 
crack diagnosis include ultrasonic inspection, 
m ag net ic powder i n spec t ion , penet r a nt 
inspection, eddy current examination, and 
radiographic testing. However, in order to 
use these methods to obtain highly reliable 
measurements, knowledge of plate combination 
and weld i ng methods and exper ience i n 
mea su rement tech n iques a re neces s a r y. 
Furthermore, detection is sometimes difficult due 
to weld line conditions and joint shapes. Research 
on verification and applicability of measurement 
results is underway.
The more widespread use of non-destructive 
inspection can be expected from the perspective 
of mak ing inspect ions more ef f ic ient and 
techn ica l ly advanced. A long with fur ther 
increases in accuracy and expansion of the range 
of use, rapid standardization of testing methods is 
necessary.
Below, this article will discuss “development 
of a non-destruct ive d iagnosis system for 
determining the amount of rebar corrosion in 
rebar concrete” as an example of recent research 
results.
Inspection methods for rebar corrosion include 
the self-potential method and the polarization 
potent ia l method. These a re methods for 
estimating the status and rate of corrosion in 
rebar, so measurement techniques that can 
gauge ongoing changes are necessary. The 
degree (amount) of corrosion is a vital piece of 
information for the operation and maintenance 
of structures, but as mentioned above, there are 
currently no non-destructive inspection methods 
that can obtain this information. Confirmation 
requires cutting away concrete to expose internal 
rebar for visual inspection and other testing to 
obtain information on deterioration.
Through a joint industry-academia research 
collaboration, Professor Hideki Oshita of the 
Faculty of Science and Engineering at Chuo 
University, Penta-Ocean Construction Co., Ltd., 
NEC san-ei Instruments, Ltd., and the Research 
Center of Computat iona l Mechanics, Inc., 
have developed an efficient “non-destructive 
diagnostic system for determining the amount of 
rebar corrosion” that does not compromise the 
performance of concrete structures[19].
Rust (cor rosion) has insu lat ing thermal 
properties (high specif ic heat, low thermal 
conductivity), so when corroded rebar is heated, 
it conducts less heat to the concrete than 
sound rebar does. The surface temperature of 
concrete therefore differs between corroded 
rebar and sound rebar. (See Figures 10(a), (b), 
and (c).) Utilizing this characteristic, infrared 
thermography is used to measure temperature 
changes, and f law position imaging software 
can display the locations and sizes of concrete 
defects such as floating and cracks. In addition, 
corrosion degree (amount) diagnosis can be 
performed by feeding temperature record data 
back to optimal thermal conduction back-analysis 
software. From this research, measured rust 
thickness and analyzed rust thickness in terms of 
the relationship between rebar corrosion status 
and covering thickness are as shown in Figure 
10(d). The greater the corroded rebar or covering 
thickness, the greater the value of the analyzed 
rust thickness tended to be, but the precision 
caused no problems in operation.
Until now, qualitative judgments were a major 
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Table 2 : Applicability of various inspection methods to concrete structures
Legend:◎：Effective with any degree of deterioration,○：Effective depending on degree of deterioration,
 No mark: Sometimes useful as reference From Reference[16]
Inspection method
Principles Inspection 
categories, etc.
Deterioration mechanisms
Neutralization Salt damage Frost damage Chemical 
corrosion
Alkaline 
aggregate 
reaction
Fatigue
Deterioration indices
Neutralization 
depth
Ion 
concentration
Frost damage 
depth
Depth of 
penetration of 
[corrosive subs
tances][deterior
ation factors]
Amount of 
expansion
Degree of 
accumulated 
damage
Amount of steel 
corrosion
Amount of steel 
corrosion
Amount of steel 
corrosion
Neutralization 
depth (Cracking)
Steel crack 
length
Amount of steel 
corrosion
Electrochemical methods
Self-potential method ◎ ◎ ○ ○ ○
Polarization resistance method ◎ ◎ ○ ○ ○
Stress measurement 
method Strain measurement under load ○ ○ ○ ○ ○ ◎
Deformation 
measurement method
Deformation measurement 
under load ○ ○ ○ ○ ○ ◎
Visual/photographic 
inspection
Binoculars, cameras, 
deformation ◎ ◎ ◎ ◎ ◎ ◎
Hammering test Impact sound, waveform 
analysis ○ ○ ◎ ◎ ◎ ○
Rebound hardness 
method Test hammer strength ○ ○ ◎ ◎ ◎ ○
Infrared method Surface infrared imaging ○ ○ ○ ○ ○
Chipping test
Neutralization depth ◎ ◎ ○
Degree of steel corrosion ◎ ◎ ○ ○ ○ ○
Tensile strength ○ ○ ○ ○ ○ ○
Core sample testing
Neutralization depth ◎ ◎ ○
External inspection, crack 
depth, depth of corrosion, etc. ◎ ◎ ◎ ◎ ◎ ◎
Compressive strength, tensile 
strength, coefficient of elasticity ○ ◎ ◎
Composition analysis ○ ○ ○
Chloride ion content ○ ◎ ○ ○ ○
Alkali content analysis ◎
Aggregate reactivity ◎
Measurement of expansion ◎
Pore size distribution ○ ○ ◎ ◎ ○
Air pocket distribution ◎
Permeability to air and water ○ ○ ○ ○
Concrete chemical 
composition
Thermal analysis (TG, DTA) ◎ ◎
X-ray analysis ○ ◎ ○
EPMA ○ ○
Scanning electron microscope 
observation ○ ○
Methods using elastic 
waves
Ultrasound, impact elastic 
waves ○ ○ ◎ ◎ ◎ ○
AE method ○
Methods using 
electromagnetic waves 
(radar methods)
Steel spacing ◎ ◎ ○ ○ ○ ○
Gaps ○ ○
Member pressure ○ ○
Methods using 
electromagnetic waves 
(infrared method)
Surface peeling ○ ○ ○ ○ ○
Methods using 
electromagnetic waves 
(x-ray method)
Steel location and size, gaps, 
cracks ◎ ◎ ○ ○ ○ ○
Methods using magnetic 
fields Steel location and size ◎ ◎ ○ ○ ○ ○
Methods using electricity Conductivity, water content ○ ○ ○ ○ ○ ○
Load testing (static) Generation and rigidity of cracks ○ ○ ○ ○
Load testing (vibration) Natural frequency, vibration 
mode ○ ○ ○ ○
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Table 3 : Types of non-destructive testing
Prepared by the STFC with reference to References[17,18]
Type Target Test method Summary Main problem areas
Optical methods Observation by visual inspection, cameras, CCD cameras, optical fiber, etc.
Hammering test 
method
Discerns the status of internal defects using the sound 
waves generated by striking the surface of concrete with a 
hammer
Because it is dependent on human experience and 
senses, individual differences are significant and it 
lacks objectivity
Ultrasound method
Transmits ultrasound waves from the surface of concrete 
to the interior, using the propagation time and waveform 
characteristics of the reflected elastic waves to measure the 
locations and depths of cracks
• Measurement of slanted cracks is difficult
• Measurement is difficult in the presence of rebar
AE method
When cracks and fatigue fractures appear and progress, 
detects the generated elastic waves with AE sensors 
placed on the surface, measuring the degree of cracking
It is a measurement for progressive forms of 
damage only 
X-ray method X-rays are used to take radiographs from the surface of concrete to measure the locations of peeling and cavities
•  Expensive and time-consuming compared to 
other methods
• Must have qualifications to use x-rays
Electromagnetic radar 
method
X-rays are used to take radiographs from the surface of 
concrete to measure the locations of peeling, cavities, and 
rebar inside concrete
Easily influenced by concrete surface or interior 
moisture
Infrared method
An infrared camera is used to photograph the surface of 
concrete and measure the locations of peeling and cavities 
via images showing surface temperature differences
Easily influenced by sunlight conditions on 
concrete surface
Radiation method X-rays and gamma rays are used to take radiographs from the surface of concrete to measure the location of rebar
•  Expensive and time-consuming compared to 
other methods
• Must have qualifications to use radiation
Electromagnetic 
induction method
A magnetic field is generated from a sensor with a coil to 
detect changes in the magnetic fields of magnetic objects 
such as steel and measure the locations and size of rebar
Can be influenced by bar arrangement (density, 
wrap) and size, decreasing accuracy
Electromagnetic radar 
method
A structure is exposed to electromagnetic waves, and 
the reflected data from the differing electromagnetic 
characteristics of boundary surfaces in the structure are 
used to measure rebar location and spread
Easily influenced by concrete surface or interior 
moisture
Ultrasound method
Transmits ultrasound waves from the surface of concrete 
to the interior, using the propagation time and waveform 
characteristics of the reflected elastic waves to measure the 
location of rebar
Cannot measure curved areas
Self-potential method Measures the self potential of rebar to estimate the degree of rebar corrosion
• Measurement accuracy is unclear
• Cannot measure degree of corrosion
Polarization 
resistance method
Weak current is passed, and polarization resistance is used 
to estimate the rate of corrosion • Measurement is time-consuming
Radiographic testing X-rays and gamma rays are used to take radiographs from the surface of steel to detect internal defects
•  Expensive and time-consuming compared to 
other methods
•  Does not provide information on location of 
damage, its thickness, direction or damage depth
• Must have qualifications to use radiation
Ultrasonic inspection
Transmits ultrasound waves from the surface of steel to 
the interior, using the propagation time and waveform 
characteristics of the reflected elastic waves to measure the 
locations and depths of cracks
High variability depending on damage location, 
direction, and size
AE method
When cracks and fatigue fractures appear and progress, 
detects the generated elastic waves with AE sensors 
placed on the surface, measuring the degree of cracking
It is a measurement for progressive forms of 
damage only
Radiographic testing X-rays and gamma rays are used to take radiographs to detect surface and surface-vicinity defects
•  Expensive and time-consuming compared to 
other methods
•  Does not provide information on location of 
damage, its thickness, direction or damage depth
• Must have qualifications to use radiation
Ultrasonic inspection
Transmits ultrasound waves from the surface of steel to 
the interior, using the propagation time and waveform 
characteristics of the reflected elastic waves to measure the 
locations and depths of cracks
Is difficult to distinguish from flaws
AE method
When cracks and fatigue fractures appear and progress, 
detects the generated elastic waves with AE sensors 
placed on the surface, measuring the degree of cracking
It is a measurement for progressive forms of 
damage only
Eddy current examination
Detects as electric signals changes in eddy currents 
generated by coils that pass alternating current, thereby 
ascertaining the extent of damaged areas through the 
signals' amplitudes and phases
It is difficult to accurately determine the type, 
shape, and dimensions of damage
Infrared method
An infrared camera is used to photograph the surface of 
steel and measure the locations of peeling and cavities via 
images showing surface temperature differences
Easily influenced by sunlight conditions on steel 
surface
Magnetic powder inspection
When magnetic objects such as steel are exposed to a 
magnetic field, any damage that exists will disrupt the 
magnetic field in its vicinity, and scattered magnetic powder 
will adhere to it, enabling the detection of damage
Applicable only to magnetic objects
Penetrant inspection
Colored or luminescent penetrants that make damage easy 
to see are soaked into steel surfaces and then sucked out 
to enlarge damage to facilitate detection
Requires removal of surface paint and oil within 
damaged areas
Co
nc
re
te
 s
tru
ct
ur
es
D
et
er
io
ra
tio
n 
an
d 
de
fe
ct
s
R
eb
ar
 lo
ca
tio
n 
an
d 
co
rro
sio
n
El
as
tic
 w
av
e
 m
e
th
od
s
El
ec
tro
m
ag
ne
tic
 w
av
e
 
m
e
th
od
s
Ex
pl
or
a
to
ry
 te
st
in
g
Co
rro
sio
n 
te
st
in
g
St
ee
l s
tru
ct
ur
es
In
te
rn
a
l d
ef
e
ct
s
Su
rfa
ce
 a
n
d 
su
rfa
ce
-v
ic
in
ity
 d
ef
e
ct
s
86
S C I E N C E  &  T E C H N O L O G Y  T R E N D S
part of f law location evaluation from thermal 
imaging, so only experts were able to perform it. 
The newly developed image processing system, 
however, automatically derives defect location 
and size, so even non-experts can perform 
diagnosis.
Initially, the rebar heating method in this R&D 
involved breaking part of the concrete structure 
in order to attach electrical wires to rebar for 
heating. Because this was disadvantageous in 
terms of damage to structures and efficiency, the 
method was improved so that electromagnetic 
induction coi ls on structure sur faces send 
an induction current to the rebar, enabling 
uniform rebar heating. Currently, research to 
develop a portable electromagnetic induction 
heater enabling easier inspection is progressing. 
Furthermore, this research has targeted only 
horizontal reinforcement, but because actual 
structures combine horizontal and vertical 
reinforcement, concrete surface temperature 
is highest at points where they join. Research 
on image processing methods to evaluate the 
characteristics of deterioration at these points is 
also making headway.
In addition, a portable x-ray f luorescence 
spectrometer that can be used on-site has recently 
been developed. For more details, see “Measuring 
Chloride Ions inside Concrete with Portable 
Equipment” under “Topics” in the March 2007 
“Science & Technology Trends.”
(2)	 Monitoring	technology
Monitoring objectively ascertains, observes, 
and evaluates deterioration and disturbance in 
structures. It is necessary to constantly monitor 
whether a structure is retaining its required 
performance or if significant damage is occurring 
and to reflect the results in policy.
Monitoring methods comprise placing sensors 
on structures and connecting them by optical 
cables and so on to distant monitor screens for 
The heat conduction of sound 
rebar and corroded rebar differs
→A temperature difference on 
concrete surface is generated
Concrete surface temperature 
is measured using infrared 
thermography
Heat has diﬃculty 
reaching concrete 
surface
Heat easily reaches 
concrete surface
Heat has diﬃculty 
reaching concrete 
surface
Floating, peeling
Rust Rust
Corroded rebar Sound rebar Corroded rebar
Rebar is heated Cross section of reinforced concrete
Figure 10(a) : Non-destructive diagnostic method
 using rebar heating 
From Reference[20]
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ur
fa
ce
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m
pe
ra
tu
re Uncorroded rebar
Corroded rebar
Areas of floating, peeling
Figure 10(b) : Surface temperature of concrete
 after rebar heating 
From Reference[20]
Sound rebar
Rebar where the entire
surface is corroded
Figure 10(c) : Heat image 300 seconds after heating
 stops (see color image on cover) 
Provided by: Professor Hideki Oshita of Chuo University 
Degree of rebar 
corrosion
Covering 
(mm)
Measured rust 
thickness (mm)
Analysis 
result (mm)
Rebar where the 
entire surface is 
corroded
30 0.043 0.039
50 0.047 0.042
70 0.046 0.057
Rebar showing 
partial corrosion 30 0.463 0.526
Figure 10(d) : Results of analysis of corrosion amounts
 using optimum control theory
Prepared by the STFC based on Reference[20]
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constant observation or periodically moving 
instruments for on-site connection to structure 
sensors.
Monitoring can observe a structure’s macro 
behavior, for example, detecting abnormalities 
fol lowing an ear thquake or other disaster, 
or it can progressively observe cracking or 
corrosion in a structure’s components. Much 
recent research has focused on the observation 
of entire structures. This is largely because of 
the development of AE sensors*7 and optical 
fiber sensors. For example, when an earthquake 
occurs, AE sensors and so on can be used to 
provide information from on-site to allow damage 
evaluation. Inspectors can be dispatched on a 
priority basis in accordance with the evaluation 
provided by this monitoring to faci l itate an 
early recovery response. Its expanded adoption, 
however, depends on lowering the cost. Figure 11 
provides an overview of AE sensors.
5-3 Evaluation of soundness
Soundness indicates the degree to which a 
structure satisfies its functional and performance 
requirements. Currently, there is no generalized 
met hod o f comput i ng i t . T he sub jec t o f 
evaluation may, like bridges, be composed of 
various components with different functions, 
or, like pavement, be made of an almost uniform 
material. Because it may be difficult to express 
this with a single form of soundness evaluation, 
evaluation units for each structure must be 
determined. In the case of bridge management, 
methods such as setting inspection soundness 
coefficients for each component and weighted 
coeff icients between components to obtain 
weighted averages and derive the soundness 
of indiv idua l br idges are being proposed. 
This article will discuss the Ministry of Land, 
In frastructure and Transpor t’s method for 
evaluating salt damage in Chapter 6 below.
5-4 Deterioration prediction
Based on statistical analysis of inspection 
resu l t s , theoret ica l for mu la s , and so on, 
predict ion of deter iorat ion expresses the 
performance of a structure on a temporal axis 
to forecast the type of damage that will occur to 
the structure over time. Evaluation and judgment 
of durability at a given stage is important for 
operation and maintenance planning of repair 
and reinforcement measures. The practicality 
and effectiveness of operation and maintenance 
planning depends on the quality of inspection 
data and the accuracy of deterioration prediction.
Deterioration prediction methods for individual 
deterioration causes that are the subjects of 
forecasts of future soundness include lifespan-
setting methods, methods that use theoretical 
deterioration prediction formulas, methods 
that statistically analyze inspection results, and 
methods using transition probability*8. Table 4 
shows overviews, characteristics, and the issues 
associated with each method.
R e g a r d i n g  t h e o r e t i c a l  d e t e r i o r a t i o n 
predict ion formulas, the Japan Society of 
AE sensor
Damage (crack)
PC
PC
PC
To Internet
To Internet
Internet
To Internet
Data
processing
center
Earth-
quake
Figure 11 : AE sensor concept 
Prepared by the STFC based on Reference[21], with some revisions
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Civi l Engineers’ Standard Specif ications for 
Concrete Structures “Maintenance” proposes 
a performance ver i f ication formula for the 
deterioration mechanisms of neutralization, 
salt damage, and fatigue of reinforced concrete 
f loor slabs. Inputting the specifications and 
environmental conditions of concrete materials 
a nd s t r uc t u res enables the per iod when 
deterioration phenomena will occur, the progress 
of deterioration, and so on to be estimated to 
a certain degree. At this time, however, it is 
difficult to perform deterioration prediction 
with a sufficiently reliable degree of accuracy 
for frost damage, chemical erosion, alkaline 
aggregate reaction, or combined deterioration. 
Furthermore, improved deterioration prediction 
accuracy fol lowing repair reinforcement is 
necessary. Progress in this research is hoped for.
Figure 12 shows the process of deterioration 
due to salt damage. Deterioration proceeds 
through the latent, development, acceleration, 
and deterioration stages over the structure’s life.
Figure 12 shows a theoretical formula for 
pred ic t ing the d i f f us ion of ch lor ide ions 
Table 4 : Overview of methods for predicting deterioration and their characteristics and issues
Method Overview Characteristics and issues
Method that sets 
life span
The method sets a life span for each bridge component, 
creating prediction lines or curves with “Sound” at time 
of construction or repair and “Needs repair” at the end 
of the life span
•  Repair dates for the components of individual bridges 
can be set with certainty
• The criteria for setting life spans are an issue
•  Determining the rate of deterioration during the life 
span is an issue
Method using 
theoretical 
deterioration 
prediction 
formulas
Uses theoretical prediction formulas according to the 
deterioration mechanism (e.g., prediction of chloride ion 
diffusion, neutralization progress, and RC slab fatigue 
as set out in the Japan Society of Civil Engineers’ 
Standard Specifications for Concrete Structures 
“Maintenance”)
•  Repair dates for the components of individual bridges 
can be set with certainty
•  The theoretical bases of prediction formulas are clear
•  The deterioration causes to which theoretical 
prediction formulas can be applied are currently limited
• Survey data are necessary for deterioration prediction
Method using 
statistical 
analysis of 
inspection 
results
The method uses inspection results to statistically 
analyze the relationship between age and soundness 
and create prediction lines or curves
Prediction formulas are set for categories such as 
component, deterioration cause, environmental 
condition, year of completion, etc.
•  Repair dates for the components of individual bridges 
can be set with certainty
•  Because it is based on analysis of inspection results, 
the basis for setting is clear
•  Prediction accuracy can be improved by sorting 
inspection data according to deterioration cause, 
environmental conditions for various bridges, amount 
of traffic, etc.
•  Prediction accuracy depends on the quality of 
inspection data
Method using 
transition 
probability
Using transition probabilities between ranks of 
soundness, the method calculates the probability of 
transitions between ranks by the Markov process*9
Transition probability is calculated using years of 
inspection results for components and deterioration 
causes
•  Repair dates and costs for the components of 
individual bridges cannot be predicted
•  It is difficult to reflect in short-term planning for 
individual bridges
•  Because transition probabilities are set according to 
inspection results, their basis is clear
• Effective for management of multiple bridges
Note: Here “life span” is used to refer to the period from construction or repair until “needs repair”
Prepared by the STFC based on Reference[22], with some revisions
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Prediction formula for chloride ion diffusion
C(x, t): chloride ion concentration (kg/m3) at depth x (cm), time t (years) 
C0: chloride ion concentration (kg/m3) at surface
D: apparent chloride ion diffusion coefficient (cm3 • year) at surface
er   : error coefficient
C(x, 0): initial chloride ion content (kg/m3) 
Figure 12 : The process of deterioration through salt damage 
From Reference[16]
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from the Japan Society of Civi l Engineers’ 
Standard Specifications for Concrete Structures 
“Maintenance” as an example of a prediction 
formula.
5-5 Repair and reinforcement
Repair and reinforcement measures require 
comprehensive evaluation not only of the actual 
and desired performance of structures, but also 
of economy and the progress of deterioration 
after implementation. Causes of deterioration 
and disturbance must be clarified, measures 
examined, optimal repair and reinforcement 
methods selected, and structure performance 
maintained and improved. However, in order to 
reduce operation and maintenance costs, minor 
repairs should be performed using preventative 
maintenance methods before significant damage 
becomes apparent in order to minimize life-
cycle costs. In order to achieve this, progress 
on inspection and diagnostic technology and 
deterioration mechanisms and improvement in 
the accuracy of deterioration prediction that 
reflects repair results are necessary.
Generally, repairs are a means to extend the 
lives of structures and components or to restore 
or improve their durability. Reinforcement is 
generally a means to restore or improve their 
mechanical properties such as load-bearing 
capacity or rigidity. Figure 13 is a conceptual 
diagram of repair and reinforcement.
T h e r e  a r e  m a n y  k i n d s  o f  r e p a i r  a n d 
reinforcement technologies. (see Table 5.) 
Cases where the wrong construction method 
was selected and the prescribed results not 
obtained are sometimes seen. They require 
re -repai r or re -rein forcement dur ing thei r 
service life. Clarification of the performance, 
results, and applicability of different methods 
and establishment of a system for selecting 
optimal repair and reinforcement methods to 
satisfy performance requirements in response to 
different deterioration causes are necessary.
In recent years, R&D on concrete materials 
that repair themselves when cracks appear in 
concrete structures has been underway. If the 
research objectives were to be realized, this 
would lengthen the lives of structures and make 
maintenance easier. Further development is 
expected.
6 Development of bridge
 management systems
Bridge management systems (BMS) are being 
developed as tools to support the systematic 
management of bridges. The following is an 
overview.
A BMS is a simulation system that inputs 
information such as a bridge’s specif ication 
data , inspect ion data , repa i r record data , 
and environmental conditions. A soundness 
prediction program prepared in advance forecasts 
present soundness and future deterioration. 
When multiple conditions such as various repairs 
or renovation plans are added, a simulation of 
costs and the bridge’s soundness under various 
conditions is run. Comparison with the available 
budget enables the creation of an optimal bridge 
operation and maintenance plan[24].
As discussed in Section 3-2, around 1970, the 
USA began to experience service problems with 
bridges in various areas. It has thus embarked 
upon the creation of inspection and certification 
Repair 
Performance
Desired level
Repair
Performance degradation
curve (with repair) 
Performance degradation
curve (without repair)
Period of operation Period of operation
Time Time
Performance
Desired level
Reinforcement
Performance degradation
curve (without reinforcement)
Reinforcement
Performance degradation
curve (with reinforcement)
Figure 13 : Conceptual diagram of repair/reinforcement
Prepared by the STFC
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Table 5 : Construction methods for types of repair and reinforcement
Prepared by the STFC based on References[18,23]
Structure 
type
Repair / 
reinforce-
ment
Purpose of 
measure, etc. Method Overview
Creation of 
barrier to 
deterioration 
causes
Crack covering 
method
A film (polymer cement paste, cement filler, elastic waterproofing film, etc.) is formed over 
minute cracks (generally no more than 0.2 mm) to improve waterproofing and durability. 
Cracks only or entire surfaces may be covered.
Crack injection 
method
Organic or cement-based materials are injected into cracks to prevent air, water, chloride 
ions, and other causes of corrosion from penetrating concrete, increasing waterproofing and 
durability.
Filling method Concrete is cut along relatively large cracks (0.5 mm or larger), and repair materials (sealant, flexible epoxy resin, or polymer cement mortar) is injected into the cut area.
Coating method
The surface of a structure is covered with a resin-based or polymer cement-based material 
to create a barrier to deterioration factors, inhibiting the progress of deterioration. This 
method is used when a structure's durability improvement and aesthetics need to be 
considered.
Removal of 
deterioration 
causes
Section repair 
method
The method aims to repair sections when structures have lost sections due to deterioration 
or concrete containing deterioration factors such as neutralization, chloride ions, etc., have 
been removed.
Control of 
the rate of 
deterioration
Electric protection 
method
Anode material is placed on the surface of concrete, supplying a direct current (about 10–30 
V/m2) through the concrete to the rebar, changing its polarity to negative in order to prevent 
corrosion.
Removal of 
deterioration 
causes
Desalinization 
method
Employing the electric protection method, a large direct current (1 A/m2) is passed to the 
steel within concrete, which causes desalinization through electrophoresis of chloride ions 
inside the concrete extending to its exterior surface.
Control of 
the rate of 
deterioration 
Realkalization 
method
Like the desalination method, a large direct current (1 A/m2) is passed to the steel within 
concrete, and an alkaline liquid is infiltrated into the concrete towards the rebar, making the 
concrete alkaline.
Prevention of 
impact on third 
parties
Peeling 
prevention 
method
A fiber sheet is set in place to prevent peeling of covered concrete, mortar, etc.
Replacement 
of concrete 
components
Replacement 
laying method
Strengthening is accomplished by replacing concrete components with marked deterioration 
and degraded load-bearing capacity that are hard to repair with new concrete components.
Increase of 
concrete sections
Thickening 
method
Rebar and other reinforcing materials are set in place mainly to thicken floor slabs, on the 
underside of floor slabs or main girders, aiming to improve performance by integrating 
concrete or mortar.
Lining method Rebar, etc., is placed all around main girder components that have lost load-bearing 
capacity, aiming to improve performance by integration with concrete.
Addition of 
reinforcing 
materials
Adhesive method
Steel plates or carbon fiber is affixed to floor slabs and girder components that have 
lost load-bearing capacity, aiming to improve performance by integration with existing 
components.
Lining method
Steel plates or carbon fiber are connected to floor slabs and girder components that have 
lost load-bearing capacity, aiming to improve performance by integration with existing 
components using concrete components or adhesives.
Introduction of 
prestressing
External cable 
method
Tendons (rebar or continuous fiber reinforcement) are set in place as a prestressing 
measure, to improve component stress conditions and increase flexural capacity and shear 
capacity.
Removal of 
expansion/
contraction 
equipment
Continuous 
method
PC steel bars and connecting plates are used to connect the main girders of existing 
simple girders, and the expansion gaps between girders are filled with mortar, etc., so that 
it connects to the road surface without an expansion apparatus by restricting the relative 
offset of the girder ends.
Corrosion 
prevention
Recoating (all or 
part) method
Corrosion that would have a major impact on the durability of a structure is prevented by 
coating.
Crack repair Weld repair 
method
This method uses arc air gouging to remove cracked areas from welds and then makes 
repairs by re-welding.
Crack/corrosion 
repair
Complete 
component 
replacement
When there is marked damage to a section because of corrosion of secondary components, 
this method replaces the damaged components in their entirety.
Lath repair 
method
This method adds steel plates to areas where there are section damaged by corrosion or 
where cracks have generated in order to prevent degradation of current performance or the 
generation of more cracks.
Ensuring desired 
performance
Structural 
improvement
When desired performance is deficient  in terms of load-bearing capacity and durability, 
this method improves the details that are a weakness in fatigue damage by increasing main 
girders and vertical girders, connecting simple girders, and shifting supports.
Component 
thickening
This method aims to improve performance mainly by increasing the thickness of floor slabs 
and attaching steel plates and carbon fiber sheeting to their undersides.
Component 
addition
This method aims to raise load-bearing capacity by reinforcing main girders with cover 
plates or external cables.
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systems, database construction, and development 
of analysis systems for operation and maintenance 
and budget management. A typical American 
BMS is the PONTIS system developed by the 
Federal Highway Administration (FHWA) in 
1991 on the Windows platform and upgraded 
several times since. The FHWA provides it to 
state governments, districts, counties, cities, and 
toll road operators. The system has also been 
implemented in Hungary and Kuwait. In Europe, 
there are systems such as the UK’s SSBP (Bridge 
Stabilization Program) and Denmark’s DANBRO 
(Comprehensive Bridge Management System).
I n  J a p a n  t o o ,  t h e  M i n i s t r y  o f  L a n d , 
Infrastructure and Transport, the former road 
public corporations, local governments, and so 
on are carrying out research to effectively utilize 
their limited budgets for operation, maintenance, 
and renovation of their large stocks. Here this 
article will give an overview[6] of BMS research 
and development by the National Institute for 
Land and Infrastructure Management of the 
Ministry of Land, Infrastructure and Transport.
As depic ted i n Figu re 14, i n the ac tua l 
management of road br idges, it is di f f icult 
to accurately forecast the future for bridges 
under varied conditions just from the statistical 
process ing of object ive data . Dra f t ing of 
management plans is h ighly dependent on 
qualitative and experienced evaluation based on 
the knowledge of experts. However, adoption of 
a BMS enables more rational planning through 
the insertion of information from data-based 
forecast ing and quantitat ive and objective 
evaluation into the management plan drafting 
process.
First, evaluation of current damage status is 
performed to forecast soundness. For items for 
which soundness forecasting is practical, the 
results of regular inspections are utilized, and 
depending of the status of damage, soundness is 
determined and evaluated according to I through 
V of “1. Evaluation of soundness” is shown in 
Figure 15. The Chart shows the example of salt 
damage to concrete components. This is an 
example of the use of a method that determines 
the five levels of soundness used in the BMS 
util izing a theoretical formula involving the 
deterioration process designated by the Japan 
Society of Civil Engineers according to such 
factors as total chloride ion volume and steel 
volume loss rate.
Deter iorat ion predict ion should use the 
inspection data needed for future forecasts and 
deterioration prediction methods in accordance 
with the types of deterioration being targeted. 
At this point, however, the Ministry of Land, 
Infrastructure and Transport’s draft guidelines 
Basic data Understanding current condition Evaluation ofcurrent condition
Prediction,
trial calculation
Structure data
Bridge name, manager, location, 
structural type, age, ID number, 
component numbers, traffic 
volume, etc.
             BMS
(i)  Deterioration 
prediction for each 
component
(ii)  Evaluation of 
bridge's future 
soundness and 
selection of optimal 
methodsUnderstanding degree of 
damage
Data on damage such as 
component cracking and 
corrosion status (near visual 
inspection)
Data to determine policy classifications
Diagnosis (near visual inspection)pection)
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Other inspections
DIncidental inspections
Ordinary roving inspections
etc. 
Detailed survey of specific damage conditions such as salt damage, 
ASR, fatigue
1) Specific inspection for salt damage 
2) ASR inspection 
3) Inspection for cracking of the corners of the legs of steel bridges
etc. 
Repairs and other record data
Figure 14 : The position of BMS in management planning
From Reference[6]
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for regular bridge inspection are still skimpy. 
Because there are few deterioration causes, such 
as salt damage and fatigue, whose inspection 
results can be specified, at this time there are 
issues with accuracy and individual application. 
However, the present method uses a deterioration 
predict ion formula based on a theoret ica l 
for mu la . Cu r rent ly, ac t u a l de te r ior a t ion 
prediction with the BMS is limited to coating 
deterioration of steel components, fatigue of 
steel components and reinforced concrete floor 
slabs, and salt damage to concrete components. 
Within the BMS, however, using a bridge’s current 
status evaluation and future forecasts to calculate 
recommended repair dates and costs for each 
component and type of damage can provide 
information useful in planning countermeasures.
Relevant organizations in Japan are actively 
pursuing research and development on BMS. Early 
development, adoption, and operation of highly 
accurate systems are necessary.
7 Conclusion
In order to operate and maintain steadi ly 
aging road structures in the face of a low birth 
rate, a larger number of elderly people, and 
difficult financial conditions, the “corrective 
maintenance” utilized to date must be shifted 
to “preventative maintenance.” In order to 
standardize replacement periods, shrink life-cycle 
costs, and reduce risk, a systematic response to 
the following points is necessary.
Inspection data (understanding of extent of damage) 
1. Evaluation of soundness 2. Deterioration
 prediction
3. Selection of repair
method and date
Soundness
rank Evaluation by theoretical formula
Status
• Little deterioration or change seen
• No performance problems
• Slight deterioration or change seen
• No degradation in component performance seen, no 
impact on users
 
• Deterioration or change is progressing
• Degradation of component performance is slight, 
impact on users is minimal
• Small-scale measures are generally seen as able to 
restore function
• Deterioration or change has progressed to a wide 
area
• Degradation of component performance is 
progressing, significant impact on users is possible
• Relatively large-scale measures are necessary 
• Deterioration or change has progressed to a 
marked degree
• Degradation of component performance is severe, 
possibly endangering users
• Large-scale measures, renovation of components or 
bridge replacement is necessary
The case of salt damage
Degree 
of 
deterio-
ra-tion
Latent 
stage
Develop-
ment stage
Accelera-
tion stage
Deteriora-
tion stage
Total chloride ion volume is miniscule
Total chloride ion volume < 1.2 kg/m3
Predicted not to exceed 1.2 kg/m3 within 
10 years
Total chloride ion volume < 1.2 kg/m3
Predicted to exceed 1.2 kg/m3 within 10 years
Total chloride ion volume     1.2 kg/m3
Steel volume loss rate < 0.05
0.05     steel volume loss rate < 0.2
0.2   steel volume loss rate
• Deterioration of coating 
of steel components
Set and predict life of 
each type of coating
• Steel component 
fatigue (in develop-
ment)
Prediction by theoretical 
formula that takes years 
in use and volume of 
heavy vehicles into 
account
• RC floor slab fatigue
Prediction by theoretical 
formula
• General deterioration of 
concrete components 
(in development)
Prediction by statistical 
analysis and predictive 
formula
• Salt damage to 
concrete components
Prediction by theoretical 
formula 
Sound
ness Evaluation of 
current 
condition
Prediction of degradation by
theoretical formulas, etc. 
Calculation of optimal predicted repair 
date and cost for each component and 
type of damage
Sound
ness
15
years
15
years
40
years
Surface
coating
Surface
coating
Renovation
Initial life span Extended
life span
Age
Electric
protection
Surface
coating
Large-scale
repairs
Data-based evaluation
and policy planning
Image of degradation 
prediction
Figure 15 :  Image of BMS calculations
From Reference[6]
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(1)	 	Full-fledged	 adoption	of	 stock	management	
methods
As the replacement period approaches for 
a vast number of road structures from about 
2020 through 2030, maintenance methods 
should be shifted from “corrective maintenance” 
to “preventat ive maintenance” in order to 
standardize renovation. It is necessary to carry 
out minor repairs before serious damage becomes 
evident, increasing longevity and reducing life-
cycle costs. In order to accomplish this, rather 
than relying on the piecemeal performance of the 
inspection, evaluation, deterioration prediction, 
and so on of structures that has been carried out 
to date, stock management systems integrating 
these elements should be constructed. Such 
systems are necessary to ensure the long life and 
use of existing stock.
(2)	 Technical	development
In order to perform efficient road management, 
elucidation of the mechanisms of deterioration 
causes needs to be promoted. In addit ion, 
f u r t h e r  i m p r o v e m e n t  o f  d e t e r i o r a t i o n 
pr ed ic t ion t ech no log y, non - de s t r uc t i ve 
inspection technology, monitoring technology, 
development of ef fect ive and economica l 
repair and reinforcement methods, increased 
structure longevity, inspection technology, and 
renovation technology that minimizes impacts 
on transportation and the environment when 
replacements are made are necessary. In this 
research and development, instead of individual 
institutions pursuing research independently, 
industry, government, and academia should 
col laborate on R&D projects. They should 
establish a roadmap to promote research and 
development.
(3)	 	Development	of	human	resources	with	advanced	
measurement	and	judgment	skills
In order to properly maintain and manage 
aging structures as their number increases, 
more technicians who can apply a high level 
of knowledge, experience, and appropriate 
technical judgment using stock management 
methods at al l stages, from design through 
construction, inspection, and operation and 
maintenance, will be necessary. Because human 
resources development requires long periods of 
time, systematic fostering of these personnel is 
required.
Because the accumulation of expert knowledge 
and on-site experience is necessary in this human 
resources development, in-house technicians 
and consulting technicians should be upgraded 
through on-the-job training and other hands-on 
training. Establishment of a certification system 
in accordance with levels of technical ability 
is needed. For example, in higher education 
in the civ i l eng ineer ing and construct ion 
field, there is stil l l ittle training available in 
“operation and maintenance engineer ing,” 
but it wil l become necessary in the future. 
Furthermore, establishment of an “operation and 
maintenance sector” for professional engineers 
and registered civi l engineering consulting 
managers (RCCMs) would ensure incentives and 
the acquisition of advanced technical ability. In 
addition, preparation of an environment that will 
attract outstanding technicians by outsourcing 
inspections and reviewing of expenditures is also 
necessary.
(4)	 	Technical	and	financial	support	for	local
	 	governments
The road network, from national expressways 
to municipal roads, forms and functions as an 
integrated unit. Improving the management 
of regional roads, which account for about 97 
percent of all roads, is a key point in raising the 
overall level. In many cases, however, financial 
constraints and a shortage of technicians in 
local public agencies mean that operation and 
maintenance are insufficient. Promotion of the 
implementation  of the Private Finance Initiative 
(PFI), which involves the national government 
in the utilization of private-sector funds, and 
creation of measures for the support of local 
governments in financial diff iculty will also 
become necessary. Furthermore, the national 
government, universities, and independent 
admin istrat ive agencies, foundat ions, and 
incorporated associations involved with social 
infrastructure will need to take the initiative in 
providing technical support to local governments.
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Glossary
1 Former public corporations
 Re fe r s to t he Japa n H ig hway P ub l ic 
Corporation, the Metropolitan Expressway 
Public Corporation, the Hanshin Expressway 
Public Corporation, and the Honshu-Shikoku 
Bridge Authority.
2 Reinforced concrete bridges and
 prestressed concrete bridges
 Concrete is a powerful material in terms of 
compression, but is only about one-tenth as 
strong in terms of its resistance to tensile 
stresses. To compensate for this weakness, 
reinforced concrete bridges combine rebar 
on the tension side, whi le prestressed 
c o n c r e t e  b r i d g e s  u s e  h i g h - t e n s i o n 
prestressed concrete steel material similar to 
piano wire to impart compressive strength 
to the concrete in advance. This gives the 
concrete in these bridges the abil ity to 
withstand tensile stresses.
3 Ruts
 Indentations that form where tires pass over 
paved surfaces due to the weight of vehicles, 
friction on asphalt, and flowage.
4 General national highways (designated 
section)
 Refers to sect ions of genera l nat iona l 
highways designated by government order 
(“government order setting designated 
sections of general national roads”) for 
maintenance, repair, disaster recovery, 
and other management by the Minister 
of Land, In frastructure and Transpor t 
(the Road Bureau, and in Hokkaido, the 
Hokkaido Regional Development Bureau, 
of the Ministry of Land, Infrastructure and 
Transport; in Okinawa, the Okinawa General 
Bureau of the Cabinet Office) under Article 
13 Section 1 of the Road Law.
5 Percentage of heavy vehicle traffic
 The ratio of heavy vehicles (buses, ordinary 
freight vehicles) to a l l vehicle tra f f ic, 
expressed as a percentage.
6 Core sampling
 A hole i s opened with a core -bor i ng 
machine or other device, and the extracted 
cylindrical sample is used to ascertain the 
structure’s per formance and mater ia ls 
degradation.
7 AE sensor
 When cracking occurs in a structure due 
to deterioration, earthquakes, and so on, 
the cracks generate u ltrasound waves 
(AE waves), which spread throughout 
the concrete structure. An AE (acoustic 
emission) sensor properly located on a 
structure converts AE waves into an AE 
signal and sends it to monitoring equipment.
8 Transition probability
 Expresses the probability that an object 
under condition x’ at time t’ will transition 
to condition x at time t.
9 Markov process
 A probability process with the characteristic 
that future behavior depends on ly on 
the current value, and past behavior is 
irrelevant.
Abbreviations
ISTEA:  Intermodal Surface Transportation 
Efficiency Act
TEA-21:  Transportation Equity Act for the 
21st Century
SAFETEA-LU:  S a fe ,  Accou nt a b l e ,  F l e x i b l e , 
Efficient Transportation Equity Act: 
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A. Legacy for Users
BMS: Bridge Management System
FHWA: Federal Highway Administration
PONTIS:  The French word for “bridge,” a 
bridge management system
RCCM:  Reg i s te red C iv i l E ng i neer i ng 
Consulting Manager
PFI:  Private Finance Initiative
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